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Abstract 

Weak measurements provide new ways to observe and control quantum systems. Here we use 
weak non-destructive measurements in a feedback scheme to protect an atomic ensemble in a 
coherent superposition against a simple decoherence model. The feedback efficiency, defined as the 



Of 



ability to recover the coherence of the initial state, is studied versus the number of photons in the 
probe beam. This allows us to precisely characterize the trade-off between information retrieval 
and destructivity. The lifetime of the coherent spin state is increased by one order of magnitude 
when the correction cycle is iterated. 
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INTRODUCTION 



Coherence, a crucial property of quantum systems, is reduced and eventually destroyed 
by interaction with the environment, which is responsible for random perturbations of the 
system. The stabilisation of quantum states against decoherence is therefore essential. A 
standard stabilisation method relies on active feedback control to monitor and counter- 
balance the fluctuations of a system. Nevertheless, in the quantum mechanical case, the 
approach cannot disregard the perturbation set by the monitoring action itself. Weak mea- 
surements [l, 2] are a powerful tool to investigate quantum systems with low disturbance, 
at the price of reduced information. For this property, they have been used to tomograph- 
ically reconstruct atomic states |3j, to measure the average single-photon trajectories in an 
interferometer 4J and the average single-photon wavefunction [5|. In the context of control 
theory, weak measurements are at the basis of active feedback protocols jsj. On the experi- 
mental side, photonic systems were recently stabilised against decoherence , where the 
feedback action relied on the partial projection induced by the measurements. 

Here we protect an atomic ensemble in a coherent superposition against a simple decoher- 
ence model consisting in a random rotation of the state. The feedback scheme makes use of 
weak non-destructive measurements with negligible projection jo| to recover the coherence 
of the system. The measurement relies on the dispersion induced by the atomic sample on a 
far off-resonance optical beam; the measurement output is used to counterbalance the noise 
effect through coherent microwave manipulation. We first study the case of a dichotomic 
rotation noise, before presenting an extension to continuous rotation angles. The proposed 
method can be used in atom interferometry schemes with trapped atomic samples [10 ]. 



RESULTS 



Decoherence model and feedback procedure. An ensemble of N at indistinguishable 
two-level atoms can be represented as a collective spin [111]. When the atoms are uncorrelated 
and in a pure state, they form a coherent spin state (CSS). CSSs have numerous applications 



in many-particle interferometry 



121 ] . and are used in atomic clocks, accelerometers 13| and 



magnetometers [141 ] . Three observables J = (J x ,J y ,J z ) are associated with a collective 
spin: J z refers to the population difference between the two atomic levels, J x and J y to the 
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FIG. 1. Decoherence model and feedback procedure, (a) Evolution of the collective spin 
on the Bloch sphere. A \ rotation around the X axis prepares a coherent superposition. The 
state experiences a collective noise (a random rotation of +q or —a around the X axis), which 
is detected using a weak non-destructive measurement and then corrected, (b) Reduction of the 
coherence by the random collective rotation. The coherence of the statistical mixture generated 
by the noise is the length of the projection on the Y axis. 

coherence between the two levels. Applying a microwave pulse we can rotate the state at 
will. A rotation Xg with an angle 9 around the X axis of the Bloch sphere is a coherent 
evolution that prepares the CSS \9) when applied on the CSS with all the atoms in the 
ground state. 

Our experiment starts by preparing the CSS ||) (Fig. [T] (a)). We then submit the CSS to 
a decoherence model called random collective rotation (RCR); in the general case it consists 
in a rotation of random angle and axis. We first consider a dichotomic RCR where the 
rotation angle and axis are set, and only the rotation direction is random. We then switch 
to the case of a random noise angle uniformly distributed between — | and +| around a fix 
axis. 

In the dichotomic RCR of angle ±a around the X axis of the Bloch sphere 

transforms the initial coherent superposition | |) in a statistical mixture of the states | + en) 
and 1 1 — a) with equal probability. The coherence of the atomic state is given by the length 
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of the associated mean Bloch vector (J) = ((J x ) , (J y ) , (J z )) normalized to the radius iV at /2 
of the Bloch sphere, where ( Jk) = Tr ( J^p) and p is the density operator of the atomic 
system. For a CSS the coherence is equal to unity, whereas the coherence of the mixed state 
generated by the RCR is r\ a = cos a (see Methods and Fig. Q] (b)). As a consequence, the 
RCR reduces the coherence of the state. 

To determine the rotation sign, we measure non-destructively the observable J z to esti- 
mate the hemisphere where the collective spin lies after the RCR. In our feedback scheme, 
a controller then applies a rotation with opposite sign to that estimated for the RCR. If 
the detection does not resolve the atomic shot-noise then the projection of the wavefunction 
induced by the measurement is negligible (see Methods), and the following mixed state is 
achieved after the correction: 



Pout = PsP { 2 



f > ( | + 2a) + p (| - 2a 



(1) 



where p (8) = \8) (8\. The first term in Eq. ([T]) corresponds to the initial state which is 
properly recovered with a success probability p s ; the other two terms are related to an 
erroneous correction which doubles the rotation angle. The coherence of the output state 
Pout is ^ ut = p s + (1 — p s ) cos(2a). If the measurement is always successful (p s = 1) then 
?7° ut = 1 > r] a and the output state is pure, whereas if the measurement does not provide 
any information (p s = 1/2) then 7?° ut = 77^ < T] a and the feedback decreases the coherence 
of the state. Therefore, comparing the residual coherence with or without feedback is a 
good criterion to evaluate the efficiency of the feedback scheme. In the specific case a = f, 
adopted for the dichotomic RCR implementation, the estimation of the success probability 

is a direct measurement of the residual coherence: r/i ut = p s . 
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Experimental implementation. In our experiment, an atomic sample is trapped at the 
centre of an optical cavity in a butterfly configuration 15| (Fig. [2] (a)). The cavity is injected 
at 1550 nm for the dipole trap and at 1529 nm for the compensation of the differential light- 
shift on the D 2 transition (see Methods). The non-destructive detection of J z is based on the 



phase-shift that the atomic sample induces on a far off-resonance optical probe 15|^ l3] - More 
precisely, a frequency modulation spectroscopy technique is used to probe a cloud of 87 Rb 
atoms on the D2 transition. The differential phase-shift between the frequency components 
of the probe is converted in an amplitude modulation that we detect. The system is tuned 
so that we directly measure J z and thus its sign (see Methods). The population difference 




Iterated 

FIG. 2. Experimental implementation, (a) A microwave shined on the atomic sample with an 
antenna (A) allows us to coherently manipulate the atomic state. The detection laser at 780 nm 
(L) is phase modulated (PM) at 3.421 GHz with a local oscillator (LO) before passing through the 
atomic cloud and being detected on the photodiode (D). After demodulation in the mixer (M), the 
signal is digitized and sent to a microcontroller unit (MCU) that sets the phase (p of the microwave. 
A quantum random number generator (QRNG), connected to the phase-shifter (p, implements the 
RCR. (b) Experimental sequence. 



between the two hyperfine levels |0) = \F — l,mp = 0) and |1) = \F — 2, nip = 0) of the 
ground state 5 2 Si/2 is measured. Moreover, the inhomogeneous light-shift induced by the 



probe on the two levels can be a source of decoherence [15|. To remove this effect, we 
compensate the light-shift by precisely adjusting the power ratio between the frequency 
components of the probe (see Methods). 

The experimental sequence (Fig. [2] (b)) begins with the preparation of the atoms in |0) 
(see Methods) and a | microwave pulse prepares the coherent superposition between |0) and 
|1). The RCR is implemented as a ? microwave pulse and the rotation sign is randomly 
chosen by a quantum random number generator (Quantis, IDQuantique). The measurement 
is performed by sending a 2 /zs long probe pulse. The signal is then analogically integrated 
to obtain its mean value over the pulse length. To implement the feedback this analog 



output is digitized and treated in real-time with a microcontroller. The resulting signal 
controls the rotation sign for the correction through the phase-shifter. The sign of the 
measured population difference is a straightforward indicator of the undergone rotation; as 
a consequence, the feedback controller applies a rotation according to the detected sign. 




Number of photons per sideband 



FIG. 3. Single cycle feedback correction. Success probability versus the number of photons 
per side-band in the probe pulse when the trap is loaded with 5 x 10 5 atoms (blue squares) and 
when it is empty (purple triangles). Each point has been obtained from 200 repetitions of the 
feedback sequence. The solid blue line is a fit of the success probability data with an error function 
and corresponds in this particular case (a = j) to the coherence of the final state if no decoherence 
is induced by the probe. The green dots correspond to the measurement of the decoherence induced 
by the probe and the solid green line is an exponential fit of the decay of the form exp(— iVp/iVp ^). 
The dashed black line is the coherence of the state expected for a RCR with r/| = 1/V2. Error bars 
are the ±1 standard deviation of statistical fluctuations. Inset: zoom around the optimal position. 
The black line is the coherence rj out of the output state multiplying the success probability and the 
spontaneous emission from the probe. The dashed line is the maximum recovered coherence. 

Single feedback cycle. We first study the efficiency of the control process after a single 
cycle consisting in a dichotomic RCR, a weak measurement pulse and a correction rotation. 
For that we analyze separately the contributions of each process involved in the feedback 
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loop: the success probability p s and the decoherence induced by the probe. At each cycle, we 
store both the output of the feedback controller and that of the random number generator. 
We then compare these two outputs a posteriori, and determine the probability to produce 
the right correction. Fig. [3] shows the success probability as a function of the number of 
photons in the probe pulse (blue squares). Our data are well fitted with an error function, as 
expected for a Gaussian noise. We verified that no technical bias is induced by the detection 
beam; when the experiment is run with no atoms in the trap we observe a success probability 
of 1/2 (purple triangle), as expected for the random determination of a dichotomic variable. 
As the probe induced light shift is compensated for (see Methods), the decoherence induced 
by the probe is only linked to spontaneous emission processes. We then characterized this 
decoherence mechanism using a Ramsey interferometer (see Methods) with a probe pulse 
sent during the interrogation interval. The fringe contrast is a direct estimation of the 
residual coherence r] p . The result is shown in Fig. [3] (green dots) where we observe an 
exponential decay. 

The coherence of the output state is finally obtained by multiplying ?7^ ut and r] p . The 
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residual coherence of the output state reaches an optimum of 0.975 with 1.5 x 10 7 photons 
per side-band, which is the value adopted in the following. The residual coherence is larger 
than the coherence of the mixed state after the RCR (r)z = 1/ v2) which proves the efficiency 
of the feedback scheme. This result can be improved by increasing the effective on-resonance 
optical depth, which allows to increase the success probability while keeping constant the 
amount of spontaneous emission. On the other hand, increasing the detection sensitivity to 
resolve the atomic shot-noise would project the atomic wavefunction [20]. This increases the 
uncertainty of the conjugate variable and in turns reduces the coherence of the state and 
thus the feedback efficiency. 
Iteration of the feedback cycle. 

We now study how our feedback scheme can protect a CSS over time in the presence of 
noise. For that we iterate 200 times the basic sequence block, consisting in the dichotomic 
RCR application, the detection of its effect, and the successive correction. Each cycle lasts 
140 /is. Again the signs of the RCRs and the related corrections are recorded. The state at 
the end of each iteration is obtained by summing the angles of the RCRs and that of the 
corrections. It allows us to reconstruct a posteriori, iteration after iteration, the trajectory 
of the atomic state. Averaging over many realizations gives the probability for the system to 
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Number of iterations 

FIG. 4. Real-time feedback sequence, (a) State occupancy versus the number of feedback 
iterations for the state ||) (dark blue), |0) (light blue), 1^) (yellow) and \tt) (red), when the 
feedback correction is applied (bottom) or not (top, for an even number of iterations). The state 
diffusion is slowed down when feedback is active, (b) Coherence evolution without (red) and with 
(black) feedback. The residual coherence with feedback (black) is obtained as the product of the 
three decoherence sources, namely the measured state occupancy (dark blue with exponential fit), 
the probe induced decoherence (green with exponential fit), and the light-shift of the trap beams 
(light blue with Gaussian fit). The error bars on the experimental points are ±1 standard deviation 
from statistical fluctuations and the data are obtained from 200 repetitions of the experimental 
sequence. 
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be in a given state after each iteration, as shown in Fig. H] (a). When the noise disturbance is 
not corrected for, the initial state ||) experiences a random walk and diffuses rapidly. After 
a few iterations it is equally spread among four states : ||0) , |~ ) , \tt) , y)} for an even 
number of iterations, and {If ) , , \ ^f) , nf)} f° r an °dd number. When the feedback 
correction is active, the state diffusion is slowed down by more than one order of magnitude. 

The previous analysis allows us to evaluate the evolution of the coherence versus the 
number of iterations (see Methods). Once again, additional decoherence sources must be 
considered, namely: the spontaneous emission of the probe and the influence of the trapping 
beams. We measured both by Ramsey interferometry, and included them in the final eval- 
uation of the coherence. The result is reported in Fig. H] (b), and shows that the coherence 
with feedback is always higher than the coherence without feedback (which is after N 
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iterations). For example, after six iterations the remaining coherence without feedback is 
0.13 whereas it reaches 0.87 when a correction is applied. The feedback correction greatly 
improves the coherence lifetime of the system even when the experimental imperfections and 
limitations are taken into account. 

Continuous RCR We now switch to a noise model where the random rotation angle 
is uniformly distributed on [— f,+f]- This noise generates the statistical mixture p = 
- J_i (16 \6) (6\ which has a coherence of 2/n. It is implemented using the quantum random 
number generator to control the length of the microwave pulse, in addition to the rotation 
sign. After the continuous RCR, a probe pulse with 2.8 x 10 7 photons is sent to measure 
J z , hence the noise angle. From the measurement result, we set both the length and the 
direction of the correction pulse. The feedback bandwidth is about 10 kHz and is limited 
by the length = 75.6 fis of the 5 microwave correction pulse. A coarse feedback 

algorithm is implemented, which sets the correction pulse length to be proportional to the 
J z measurement. The feedback has been optimized for a noise angle of 6 = ~. 

The feedback efficiency is characterized by measuring the length tjv and the direction 
(+1 for a positive rotation and -1 for a negative one) for the noise pulse, and the corre- 
sponding parameters tc and ec for the correction pulse. The measurement is repeated 5000 
times in order to compute the angular distribution On = 7{£n(jn /t^) of the CSS after the 
noise pulse and the angular distribution 6c = 6n + tt^c( t c/ t tt) after the correction pulse, as 
reported Fig. [5J We find that 6^ is uniformly distributed over [—§,+§] whereas 6c is well 
described by a Gaussian distribution centered at zero and with a standard deviation of 200 
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mrad. The width of the distribution is mainly limited by the missing correction for the Z 
component of the Bloch vector in our setup. 

The coherence of the state with and without feedback was directly measured from the 
contrast of Ramsey fringes (see Methods): when no feedback is applied the coherence is 
0.63 ± 0.03, consistent with the expected value of 2/tt. When feedback is applied, the 
coherence increases to 0.964 ± 0.004; this is in good agreement with the Gaussian fit of 
Fig. [5] when the decoherence of the probe pulse is taken into account. For the correction of 
rotations around an arbitrary axis on the Bloch sphere one could consecutively read out J x , 
J y and J z followed by correction rotations around two orthogonal axis of the sphere. 
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FIG. 5. Effect of feedback for a rotation noise of random angle. Angular probability 
distribution 9 m after the random rotation noise (blue) and 9c after the correction (red), showing 
the reduced dispersion of the orientation. The histograms are obtained from 5000 measurements. 
A binning of & is used for the histogram. The solid line is a Gaussian fit of the distribution after 
the correction. The fit gives a residual coherence of 0.98 for the state, which accounts only for the 
angular distribution and not for the destructivity of the probe pulse. 

DISCUSSION 

We have demonstrated that the partial information recovery provided by weak non- 
destructive measurements allows to implement a feedback procedure that protects an atomic 
CSS from the decoherence induced by RCRs. Our scheme acts as a Maxwell demon and 
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reduces the information entropy of the system. The introduced methods can be used for the 



continuous interrogation and correction of the phase in atom interferometers [lOj. Moreover, 
implementing a similar scheme in the projective measurement limit would allow a real-time 
control of the projection process, and thus a deterministic preparation of non-classical states 
2lH23| useful to improve the sensitivity of atom interferometers 



METHODS 



Coherence of a statistical mixture of CSSs. The coordinates of the mean Bloch vector 
associated to the CSS \9) are: 

(J)e= {(Jx) e AJy)e,(Jz) ) = J(sinM,cos#), (2) 

and the coherence of this state is || (J) d \\ / J = sin 2 9 + cos 2 9 = 1. 

A mixture of CSSs can be written as p = J2 k Pk\9k) (9k\, where J2 k Pk = 1- From 
the linearity of the trace: (Ji) (p) = Tr ( Jip) = J^kPk^ 1 (Ji l^fe) (®k\), we obtain the mean 
Bloch vector (J) (p) = J2kPk j ano - finally the coherence of the mixed state p is T](p) = 
|| (J) (p)\\/J, explicitly: 

V(p) = [(J2kPk sin 9 k f + (EfcPfc c os 9 k f] 1/2 . (3) 

This relation is used to calculate the coherence of the mixture prepared by the RCR £ a ( | f ) ) 
and the coherence of the output state p out . 

It also allows us to calculate the coherence related to the state occupancy when the 
feedback cycle is iterated. The probability Pk{N) to be in the state | + ka} after iV 
iterations, is related to the density matrix after N iterations through: 

Pout(N) = EEoV^AO |f + ka) (f + ka\ . (4) 

The contribution of the state occupancy to the coherence can thus be written as ?7° ut (iV) = 
v/ClPOTSfpO, where: 

C a (^) = EEo 1 ^(^)cos(A;a), (5) 

^(A0 = £EoV(^)sm(M- (6) 

Weak measurement limit. To ensure that the measurement is deep in the weak measure- 
ment limit, i.e. that the projection of the state induced by the probe pulse is negligible, the 
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atomic shot-noise has to be much smaller than the uncertainty of the measurement. The 
uncertainty of the detection with 2.8 x 10 7 photons per probe pulse is obtained from 1000 
measurements of the CSS ||). In terms of the measurement of the observable J z that admits 
values in the [—1, 1] range, the detection noise follows a Gaussian distribution of standard 
deviation ~ (6.8 ±0.1) x 10~ 2 . For a cloud containing N at = 5 x 10 5 atoms, the standard 
deviation of the CSS is expected to be (x at = 1 / V N at ~ 1.4 x 10~ 3 . The contribution of the 
atomic fluctuations to the measurent noise is small since o&t/vd ~ 2%, as a consequence the 
detection is performed in the weak measurement regime. 

Microwave pulses. The coherent manipulations are performed using a linearly polarized 
microwave field resonant with the \F = l,m^ = 0) — > \F — 2,mp = 0) transition. The n 
pulse length is calibrated from Rabi oscillations measurements, we obtain r n = 151.2±0.2 /xs. 

State preparation. The atoms are initially trapped in the |5 2 Si/2, F = 1) hyperfine state, 
and a bias field of 0.5 Gauss is applied in the direction parallel to the polarization of the non- 
destructive probe. The procedure to prepare the sample in the \F = l,m F = 0) state begins 
with a microwave 7r pulse followed by a light pulse on the \F — 1} — > \F' — 2) transition to 
repump the residual population from the \F — 1) to the \F — 2) level. This allows to get 
about one third of the atoms in the \F = 2 ) mp = 0) state. A second ir pulse is applied, 
which populates only the mp = sublevel of the \F = 1) state. The residual atoms in 
the \F = 2) level are expelled from the trap using light tuned on the cycling transition 
\F — 2} \F' = 3). To increase further the purity of the sample, the whole sequence is 
repeated twice. We characterized the prepared state using an absorption imaging technique 
and we measured that the cloud contains about 5 x 10 5 atoms at 10 /xK and more than 99 % 
of them are polarized in the \F = 1, rriF = 0) state. 

Measurement of the J z observable. An optical beam is phase modulated to have 4.6 % 
of the total power in each side-band and passes through the atomic sample before being 
detected on a fast photodiode. With the two side-bands generated from the phase modulator 
it is possible to directly measure the population difference between the \F = 1) and the 
\F — 2} hyperfine levels of the ground state for an atomic ensemble: one side-band is placed 
close to the \F = 1) — > \F' = 2) transition, the other one close to the \F = 2) — > \F' = 3) 
transition, as depicted Fig. [6](b). The coupling Si (S 2 ) of the first (second) side-band with 
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the \F = 1) ->■ |F = 2) (|F = 2) ->■ \F' = 3)) transition, is given by: 

C _ l&FF' C 



(7) 



where 7 is the half width at half maximum of the atomic transition, / the intensity of a 
single side-band, J sat the saturation intensity of the transition and S FF i the dipolar coupling 
associated to the \F) — > \F') transition {29)]. The phase-shift induced by the atomic sample 
on the probe is proportional to at oc NxS% + N2S2, where N% (N%) is the population in 
the \F = 1) (\F = 2)) level. If the detunings A FF i are adjusted so that Si = —S 2 , then 
a t oc Ni — N 2 and the detection measures the observable J z and eventually its sign. 
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FIG. 6. Probe configuration for the measurement of J z . (a) Coupling of the probe versus 
the position of the carrier with respect to the \F = 1) — > \F' = 2) transition. The points with bars 
are the experimental results and the solid line is the calculated coupling, (b) Hyperfine structure 
of 87 Rb D2 transition and relative position of the probing beams. The thick line is the carrier 
whereas the thin lines are the side-bands. 



To adjust the detunings A FF /, we first set a modulation frequency Q = 3.4213 GHz and 
prepare the atoms in a coherent superposition f ) so that Ni = N 2 . We measure then the 
demodulated signal versus the position of the carrier with respect to the \F — 1} — y \F' — 2) 
transition. The result in Fig. [6] (a), in very good agreement with Eq. ((?]), was obtained 
with a carrier power of 153 /iW and a power per side-band of 7.1 /iW. The beam waist of 
the probe on the atomic sample is 245 /zm which gives an intensity on the sample of 11.2 
mW/cm 2 . Since a 7r transition is probed, the saturation intensity is J sat = 2.503 mW/cm 2 



29(. The condition Si + 5*2 = is reached when the carrier is set at 3.291 GHz from the 
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\F = 1) — > \F' = 2), in other words the detunings of the side-bands are A 12 = -126.7 MHz 
and A 23 = 148.5 MHz. 

Ramsey interferometry. The fringe contrast at the output of an interferometer is a direct 
measurement of the ensemble coherence. We measure the coherence of the atomic CSS, by 
monitoring the contrast of Ramsey fringes obtained from the successive application of two 
| microwave pulses separated in time. We used this method to measure the coherence loss 
induced by the spontaneous emission of the probe. Because the Ramsey fringes position 
is sensitive to light shifts, we were also able to measure the coherence loss induced by the 
light-shift of the trap beams, and as well accurately compensate for the light-shift induced 
by the probe beam. 

Compensation of the probe induced light-shift. The light-shift of the probe is a 
severe limitation in most applications using non-destructive probing techniques, especially 
for interferometry since it dephases the atomic sample. Here, it would not only induce 
a rotation of the mean spin around the Z axis of the Bloch sphere but also spread the 
spins due to the spatial inhomogeneity of the Gaussian probe beam. This spread would 
act as a decoherence source and prevent to realize the feedback scheme if not compensated. 
The symmetry of the coupling of each side-band with the related transition allows to use the 
light-shift generated by the carrier to equally compensate that of each side-band (Fig. 13(a)). 
Moreover, since the carrier and the side-bands are spatially overlapped the compensation 
is perfectly homogeneous. The compensation is realized by adjusting the relative power 
between the side-bands and the carrier. The tuning of the power ratio is precisely set using 
a Ramsey sequence with a probe pulse sent between the two | pulses. Interference fringes 
are scanned by changing the intensity in the side-bands (Fig. [7] (b)) and the condition of 
maximum contrast gives the position of the zero light-shift; this is obtained with 4.6 % of 
the total power in each sideband. 

Compensation of the differential light-shift on the D 2 line. Due to the 5 2 P 3 / 2 — » 
4 2 D 5 / 2 ,3/2 transitions at 1529.3 nm, the trapping radiation at 1550 nm induces a differential 



light-shift on the D 2 transition 



30, 



31[ used for the non-destructive probing. At the centre 
of the trap, where the radiation intensity is maximal, the frequency shift between the centre 
of the trap and outside is about 100 MHz which is of the same order of Ai 2 and A 2 3. In such 
conditions, the coupling of each atom with the probe is inhomogeneous and the observable J z 
is not perfectly measured. To compensate for the differential light-shift, a radiation beam at 
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FIG. 7. Probe light-shift compensation, (a) Light-shifts induced by the carrier (solid lines) 
and the side-bands (dashed lines) versus the position of an atom in the probe beam, (b) Output 
of a Ramsey interferometer versus the power in a single side-band in percent of the power in the 
carrier. A 40 /is long pulse is sent in between the two \ microwave pulse. In inset, the same 
measurement is performed with a 70 fis long pulse to determine more precisely the compensation 
ratio. 



1528.7 nm, that is about 0.6 nm on the blue side of the 5 2 P 3 / 2 — > 4 2 D 5 / 2 ,3/2 transitions, was 
injected in the fundamental mode of the cavity {32)]. By adjusting the power ratio between 
the 1550 nm and the 1529 nm beams, we compensate for the differential light-shift with 
a high spatial homogeneity thanks to the good overlap between the fundamental modes of 
the cavity at 1550 nm and 1529 nm. This compensation allows for a quasi-homogeneous 
coupling of the non-destructive probe with the atomic sample over the spatial extension of 
the dipole trap. The residual light-shift due to the non perfect mode overlap is about 0.7 
MHz, which is not only negligible compared to A 12 and A23 but also small compared to the 
transition linewidth (r ~ 6 MHz). 
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